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POWER ELECTRONIC CONVERTER SYSTEM 
Cross-Reference To Related Applications 

[0001] This application is based upon and claims priority from prior British Patent 
Application No. 0306401 .1, filed on March 20, 2003, the entire disclosure is 
hereby incorporated by reference in its entirety. 

Field of the Invention 

[0002] The present invention generally relates to power electronic converter 
systems, which are in wide industrial use in the control of electrical machine 
power. These converter systems employ power semiconductor devices operating 
in switching, or on-off mode, to convert power from an incoming AC (Alternating 
Current) mains supply to a form suitable for driving industrial machines such as 
synchronous AC or brushless DC (Direct Current) motors. In particular, it relates 
to high power speed controlled drives for applications such as air compressors 
which operate mostly in steady state but which require continuous (adaptive) and 
accurate speed control. In these high power applications, efficiency and good 
supply utilization are of paramount importance. 

Background of the Invention 

[0003] Generally the mains supply takes the form of a balanced or symmetrical 
system of three phase sinusoidal voltages at a fixed frequency of 50 or 60 hertz. 
It is the function of the converter to transform this into a function that will allow 
the motor to drive its given load at an optimum or specified efficiency. Operation 
of motors at high power levels necessitates precise control of the applied driving 
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voltages or currents derived from the mains supply. Achieving control within 
specified limits of the motor speed or position output further requires closed loop 
or servo control of the frequency of the drive applied to the machine. 

[0004] The widespread and increasing use of electronic power converters has 
lead to increasing scrutiny of the utility or load characteristic that these converter- 
motor systems present to the mains supply. A measure of this is the power 
factor, which expresses the lag or lead angle between the applied mains voltage 
and the current drawn at the converter input. At a given net power flow, a lead or 
lag between voltage and current results in an increased phase current. At unity 
power factor (zero phase difference) therefore, the converter achieves maximum 
utilization of the supply and in so doing minimizes the utility (cable and 
transmission) losses. In addition to power factor, deviation of the converter 
supply current from a true sinusoidal function affects supply utilization, and a 
measure of this is the form factor. If the converter draws current in an intermittent 
manner from the supply, unwanted harmonic components are introduced and the 
peak value will be greater than that of a sinusoidal flow of the same steady or 
mean power. Since dissipation or heating losses are proportional to the square of 
the instantaneous current, it follows that the best possible utilization is afforded 
by a sinusoidal current flow from the supply. 

[0005] Figure 1 of the accompanying drawings is a block schematic of a 
conventional variable speed motor drive (commonly referred to as an inverter). 
Featuring internally a system of three power converter stages, the system 
converts the incoming three phase mains supply into a variable amplitude, 
variable frequency three phase output for driving the motor. Power flow through 
this system follows the form firstly of conversion of the incoming mains to a 
steady DC supply (referred to as the DC link). This is followed by a DC-to-DC 
chopper stage, which is used to provide a secondary DC supply controllable in 
amplitude. Finally, this controlled supply feeds an output or commutation stage. 
This comprises a system of half bridges, which act to switch the motor phases 
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synchronously and alternately between the variable DC supply potentials. This 
provides a symmetrical and controlled frequency AC drive to the motor phases. 

[0006] For many power electronic drive systems, the first AC-to-DC converter or 
rectifier stage introduces most of the problems of supply utilization. In a simple 
rectifier arrangement, power flows from the mains into the DC link when the 
potential on a given line is at the appropriate polarity and exceeds that of the link. 
This necessarily means that each phase is delivering power in bursts and that 
form factor is therefore impaired. Worse still, however, is the case where basic 
diode rectifiers, which are forward conducting only, are used. These 
automatically block (non-conduct) reverse current and hence do not permit bi- 
directional current flow. In the presence of load inductance, as is always the case 
in motor drives, there is a component of reverse current flow occurring when 
drive to a given phase via the commutator switches off. This fly back energy must 
be prevented from introducing damaging voltage transients and to achieve this, 
the simple diode rectifier must be followed by a stage of reservoir or storage 
capacitance. Here the mains rectifier diodes charge the storage capacitance from 
a given pair of supply lines when their potential difference exceeds that of the DC 
bus. This considerably worsens supply utilization in that it can take place only 
whilst the difference in rate of change in potentials across the diode is also 
positive. Thus, power flow (and hence current peaking) is concentrated into 
narrower and hence greater amplitude pulses. 

[0007] To minimize added harmonic and modulation products of the chopper and 
commutation frequencies in the final output of the inverter, it is important that the 
switching frequency of the DC chopper stage be sufficiently high. Both the 
chopper stage and the commutator stage are switching systems, either 
conducting from input to output or blocking according to their associated control 
signals. They thus not only introduce a significant fundamental frequency 
component (which is the desired result in the case of the commutator stage), but 
an unwanted component of harmonic power in their resultant outputs. Being 
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cascaded, the transfer functions of the chopper and commutator are multiplied 
and the harmonic content of the final power output includes the sum and 
difference of all frequency components introduced by these stages. To minimize 
the undesirable low frequency content in the motor drive it is thus necessary to 
switch the chopper stage at a frequency significantly greater than that of the 
commutation stage. 

[0008] This high chopper switching rate brings about a correspondingly increased 
dissipation due to switching losses in the power semiconductors. Furthermore, 
unlike the front-end rectifier and the commutator stages, power density is high in 
the chopper switching devices. Thus, operating at high switching frequency and 
at full power throughput, the DC chopper becomes a critical subsystem of the 
motor drive; a situation that is exacerbated in high speed drives such as in turbo 
compressor systems. 

Summary of the invention 

[0009] The present invention mitigates the foregoing disadvantages of the prior 
art power electronic converter systems and provides a converter system having 
an AC-to-DC first converter stage connectable to an AC supply and operative to 
produce a DC output on a DC link and a DC-to-AC second converter stage 
directly connected to the DC link and producing an AC output for driving an AC 
load at a frequency and amplitude that may differ from the frequency and 
amplitude of the input AC supply, wherein the first converter stage comprises a 
bridge of bi-directional electronic switching elements connected between the 
input AC supply and the DC link and control means for activating the electronic 
switching elements of the bridge with variable phase relative to the input AC 
supply in order to vary the DC output on the DC link to the second converter 
stage. 
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[0010] In the present invention, the DC chopper stage is eliminated and the motor 
drive comprises only two power conversion stages. Control of output power is 
achieved by means of a control algorithm applied to the front-end rectifier i.e. the 
AC-to-DC first converter stage. Operating at low frequency, the switching losses 
in this stage are minimal, and within the matrix of electronic switching elements, 
power is more distributed than in the DC chopper stage, making for reduced 
operating stress in the system. 

[0011] 

[0012] A further benefit of the invention is the ability to balance a system of loads 
to maximize power factor and hence supply utilization. Here a number of front- 
end synchronous rectifier systems can be used to vary the DC link voltages to a 
system of loads by using a complementary phase-advance and phase-retard 
control algorithm applied to pairs of rectifier stages, thereby achieving a total load 
current spread symmetrically about the peaks of the mains supply voltages which 
maximizes the power factor of the total load. 

[0013] Where applicable this motor drive topology offers the potential benefits 
over existing designs of reduced cost, greater operating efficiency improved 
supply utilization, higher reliability and a more compact assembly. 

Brief Description of the Drawings 

[0014] The subject matter, which is regarded as the invention, is particularly 
pointed out and distinctly claimed in the claims at the conclusion of the 
specification. The foregoing and other features, and advantages of the invention 
will be apparent from the following detailed description taken in conjunction with 
the accompanying drawings in which: 

[0015] Figure 1 is a prior art power converter as described above, 



Docket No. P/7239 



-5- 



EXPRESS MAIL LABEL NO. EV381145845US 

[0016] Figure 2 is a schematic block diagram of a power converter according to 
the present invention, and 

[0017] Figures 3 to 8 are graphs showing how varying the switching phase of 
electronic switches of the first converter stage affects the DC output on the DC 
link leading to the second converter stage, according to the present invention. 

Description Of The Preferred Embodiments 

[0018] It should be understood that these embodiments are only examples of the 
many advantageous uses of the innovative teachings herein. In general, 
statements made in the specification of the present application do not necessarily 
limit any of the various claimed inventions. Moreover, some statements may 
apply to some inventive features but not to others. In general, unless otherwise 
indicated, singular elements may be in the plural and vice versa with no loss of 
generality. 

[0019] As will be clear from the foregoing introduction, the present invention is 
concerned primarily with the front-end converter stage in a motor drive system, 
namely the AC-to-DC converter stage. The function of this stage is to receive the 
incoming AC supply, which is generally in the form of a three phase voltage 
supply, and convert it to a DC supply, or as it is commonly known, a DC link. As 
mentioned previously, this is conventionally achieved using a system of passive 
rectifier diodes or bi-directional power switches connected in a bridge 
arrangement. These couple successive pairs of the incoming mains phases to 
the DC link at the appropriate point in their voltage cycles. 

[0020] In the present invention, a switched or synchronous rectifier system 
employing bi-directional switching elements, also referred to herein as switches 
for brevity, is used in this first power converter stage. This is illustrated in Figure 
2 for a 3-phase system where it can be seen the each line of the DC link is 
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coupled to each of the incoming power lines via a bi-directional power switch. 
Instead of synchronizing the control of switching to a fixed reference point on the 
supply cycle however, the switching sequence according to this invention is 
allowed to translate or to be varied in phase relative to the supply. 

[0021] In this way, as shown in Figures 3 to 8, the output of the first converter 
stage comprises phase sequenced slices or samples of the supply function. By 
varying the relative phase of the control function applied to the power switches, in 
either advance or retard, the mean DC output or DC link voltage is controlled 
directly by the rectifier stage. Over a full cycle of phase offset, it can be set 
anywhere between plus and minus the maximum value attained by direct 
rectification. 

[0022] The following half-bridge commutator stage, however, will not tolerate 
negative supply potentials and this is avoided in the preferred embodiment of the 
invention by modifying the control algorithm at the point of onset of reversing 
output potential. This is illustrated in Figure 8 where, at a phase offset greater 
than 90° from the given reference, a negative component appears in the output 
function. This is eliminated by the modified control algorithm of Figure 8 where, in 
a succession of additional switching intervals, the DC bus is isolated from the 
supply and shunted by the power switches. By this means, the amplitude of the 
drive function to the motor can be controlled over the full range from maximum 
output to zero. 

[0023] It should be noted that while, in principal, the range of power control 
afforded by the synchronous rectifier system is large, it would in practice operate 
for most of the time over a restricted range around maximum output. The 
harmonic content of the waveforms of Figures 6 to 8 (where the output voltages 
are considerably lower than the maximum value) is very large and would permit 
operation only at low power levels. It would however allow for controlled run-up 
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and run-down to and from a relatively narrow band of operating speed. An 
instance of this in an industrial air compressor application is discussed below. 

[0024] It will be apparent that in utilizing bi-directional switching, the synchronous 
rectifier system always presents a low impedance source to the load and thus 
does not require storage or reservoir capacitors on its output. Thus, while it 
draws a pulse or discontinuous current drain from the mains supply phases, it 
does not introduce the further peaking in current that occurs with storage 
capacitors. In varying the phase of the conducting periods relative to the supply 
however, it will be apparent that the system does introduce phase current lag or 
lead and thus degradation in the load power factor of the system. In this 
invention, however, this effect is overcome by exploiting the property of the 
synchronous rectifier to provide power control both by advancing or retarding the 
relative switching phase. 

[0025] Thus, when using the invention, load power factor can be maximized by 
splitting the load into parts and driving each from an individual or dedicated 
rectifier. For a pair of rectifiers and loads, power flow would be controlling by 
advancing the relative switching phase in one of the systems and retarding it in 
the other. This technique can be applied using any number of loads, where the 
distributed power can be arranged for each individual load to be under phase 
advance or retard control according to an optimization or power control algorithm. 

[0026] An example of this would be a high-pressure turbo compressor system 
where two stages are cascaded to provide a compound or product pressure ratio 
from input to output. In this system, the power to each stage would be nearly 
equal. The control system would be required to adjust the speeds of each stage 
to set their operating points relative to each other and to respond to external 
stimuli such as inlet air temperature or changes in delivery pressure. Here, for 
example, the speed of both stages may be reduced to compensate for a 
temperature reduction and corresponding increase in density of the system inlet 
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air. This would require a reduction in the voltage applied to the output stages of 
the motor drive inverters, and thus an increase in the phase lag or lead in the 
synchronous rectifier stages. By using a complementary phase advance and 
retard technique, the pulsation of load current on each phase of the supply due to 
the individual rectifier stages is balanced about the peak of the supply function. 
The overall system power factor is thus maximized. 

[0027] In order to further minimize the effects of pulsation in the output of the 
synchronous rectifier stage, it is further proposed that the commutation stage or 
stages following the synchronous rectifier stage be controlled such that the 
period corresponding to an integer number of motor commutation cycles n, is 
arranged to be equal to the period corresponding to an integer number of 
switching sequences m of the converter system. This synchronization eliminates 
low frequency modulation or so called beat frequency components in the 
response of the load, which might otherwise result in the production of 
undesirable noise or vibration by the motor. 

[0028] Figures 3 to 8 illustrate the operation of the synchronous rectifier system 
showing the output waveforms to the DC link corresponding to a number of 
phase displacements of the switching sequence. As with a conventional matrix 
rectifier (either employing bi-directional switches or forward conducting diodes) 
the rectifier output is a repetitive function comprising six switching or conducting 
states per cycle of the incoming mains supply. The 3-phase mains voltages A, B 
and C are sampled in pairs as shown in the bottom of each figure, the sampling 
intervals being shown alternately hatched on the waveforms. Shown directly 
above in each figure is the potential difference function applied to the DC link. 

[0029] Figure 3 shows the maximum output condition where the transitions 
between conducting paths within the system occur at the instant of equal 
potential for all combinations of waveform pairs (6 in all for a 3-phase system). 
Figures 4 and 5 show the effects of a shift of 30 degrees in lag and leading 
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phase. The mean DC output is the same for these functions, but the waveforms 
are no longer symmetrical about the peak value of the supply functions as they 
are in Figure 3. Combining the load currents on the supply from pairs of 
synchronous rectifiers controlled in complementary or leading and lagging 
fashion and driving similar loads however, restores the symmetry and hence the 
load power factor. 

[0030] Although a specific embodiment of the present invention has been 
disclosed, it will be understood by those having skill in the art that changes can 
be made to this specific embodiment without departing from the spirit and scope 
of the present invention. The scope of the present invention is not to be 
restricted, therefore, to the specific embodiment, and it is intended that the 
appended claims cover any and all such applications, modifications, and 
embodiments within the scope of the present invention. 

[0031] What is claimed is: 
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